The Savannah River Site (SRS) is one of the largest facilities in the nation's nuclear weapons complex. To date, little information has been published regarding radiation risk estimates derived from epidemiological studies of SRS workers. As part of an ongoing epidemiological cohort study of SRS workers, we have assessed the suitability of the Site's personnel radiation dosimetry information for use in epidemiological analyses. This paper provides information on historical dosimetry methods, recording practices, and the completeness of computerized dosimetry information for workers employed at SRS during the period 1951-1989, when the site was operated by the du Pont Company. The study includes 18,883 workers hired at SRS between 1951 and 1987 who were employed for at least 90 days. Documents relating to external radiation dosimetry methods were reviewed, recorded doses were examined to evaluate recording practices, and the completeness of monitoring was assessed by comparing employment history and computerized dosimetry records, and by implementing a ''nearby'' procedure for estimating values for missing annual dosimetry records. Dosimeter technology evolved over this period from two-element film dosimeters to multielement thermoluminescent dosimeters. Dosimetry measurements were recorded consistently in 0.05 millisievert (mSv) increments. Prior to 1973, recording thresholds of 0.10-0.15 mSv were used while from 1973 to 1989 a recording threshold of 0.05 mSv was used. We abstracted nearly 3 person-Sv of dosimetry information that was available in hardcopy but not in computerized format. The collective dose from the computerized and abstracted records totaled 512.1 person-Sv. A ''nearby'' method was used to estimate dose values for 13,812 employment-years for which dosimetry information was not available. The average estimated value was 0.6 mSv and the assigned collective dose derived via the ''nearby'' procedure was 8.7 person-Sv. The consistency of dosimetry practices at SRS and the completeness of historical dosimetry records are supportive of their use in epidemiologic research.
Introduction
The Savannah River Site (SRS) is a 310-square mile facility located near Aiken, SC and Augusta, GA. In 1950, the E.I. du Pont Nemours and Company contracted with the Atomic Energy Commission to design, construct, and operate a facility to produce materials, primarily tritium and plutonium, for the government's nuclear weapons program. Construction of temporary facilities was completed in May 1951; these served as the headquarters for the Construction Division. By August 1952, a heavy water plant at SRS had become operational, and in December 1953 the Site's first production reactor went critical. In 1954, the first separations facility became operational and three additional production reactors were brought on line. By December, 1954 the first plutonium was shipped from the plant. The Site's tritium facilities were completed in October 1955. Production activities at the Site have involved the operation of five large reactors, two chemical separation areas, a heavy water extraction plant, nuclear fuel and target fabrication plants, as well as test reactors, power plants, and laboratories. E.I. du Pont Nemours and Company managed and operated the site through March 31, 1989. More recent activities at the site include recycling and reloading tritium in the nation's nuclear weapons, as well as nuclear waste management and environmental restoration.
Previous epidemiological studies of SRS workers have reported evidence of an excess number of leukemia deaths among hourly-paid male employees compared to the expected number based upon US mortality rates and evidence of a positive relationship between cumulative external radiation dose and leukemia mortality (Cragle et al., 1988 (Cragle et al., , 1998 Wartenberg et al., 2001 ). We are currently conducting an updated study of SRS workers utilizing historical records of annual whole body radiation dose estimates. These dosimetry records originally were collected and maintained for radiation protection and compliance purposes rather than for research purposes. Decisions regarding monitoring policies or recording practices that were appropriate in the context of monitoring for compliance may differ from those that would ideally be used if monitoring were conducted for research purposes. Therefore, as part of our study, we have assessed the suitability of using SRS historical records of annual whole body radiation dose estimates for epidemiologic purposes.
The objectives of this paper are the following: to provide a summary of historical external radiation dosimetry methods employed at SRS during the period when the Site was operated by E.I. du Pont Nemours and Company; to evaluate the recording practices used by the SRS personnel dosimetry program during these years; to utilize employment history information in conjunction with computerized dosimetry records in order to assess the potential for exposure measurement error due to incomplete radiation dosimetry information; and, to apply a previously developed method for estimating radiation doses in unmonitored employment periods in order to assess the impact of using imputed values on worker dose estimates.
Materials and methods
The analyses in this report focus on a cohort of 18,883 Savannah River Site workers who were hired by the du Pont Company prior to 1987 and who worked at least 90 days. Workers without complete information on name, SSN, date of birth, and date of first hire were excluded. This cohort of workers expands upon the cohort examined by Cragle et al. (1988 Cragle et al. ( , 1998 by including white males hired between 1975 and 1986 and by including white females and non-white males and females.
A file containing work history information was constructed by manually entering du Pont payroll records that describe dates of employment and job title changes into a computer file. Job titles were standardized and grouped. Using this information a file was created that describes the number of days that a worker was employed during each calendar year , and the longest held occupation during each calendar year. Our analyses of the completeness of computerized whole body dose estimates refer to ''employmentyears.'' A person contributed one employment-year of observation for each calendar year in which they were employed, regardless of the number of days that they were employed in that year. A worker who has computerized annual dosimetry information for their entire employment period, therefore, would have one annual dosimetry record for each employment-year.
Health Physics Area
The health physics staff classified workers according to the ''health physics area'' in which they worked. This corresponded to a defined area at the Site in which the occupational exposure of personnel to radiation was under the supervision of radiation protection staff. In some cases, a health physics area corresponded to a specific location (such as a specific nuclear reactor), while in other cases it corresponded to a defined area encompassing a number of work locations dedicated to a specific process (e.g., separations). We abstracted information used to classify workers according to the health physics area in which they worked in each calendar year from quarterly dosimetry logbooks . If a worker was missing information on health physics area for a given employment-year, but had a known health physics area for an adjacent time period during which they were employed in the same job, then, for the purposes of exposure imputations, we assigned that health physics area to the employment-year.
Computerized Radiation Dosimetry Records
In 1979 a computerized personnel dosimetry system, referred to as the Health Protection Annual Radiation Exposure History (HPAREH) system, was implemented at SRS. For all Site employees who were actively employed in 1979, a history file of annual radiation exposure information was entered into the HPAREH system from hardcopy personnel folders and logbooks (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) , magnetic tapes of logbooks (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) , and HP Master File magnetic tapes (1973) (1974) (1975) (1976) (1977) (1978) (1979) . Since 1979 dosimetry information has been routinely entered into the HPAREH system. Recorded values include estimates of shallow dose (i.e., skin dose), notably from beta particles, that was evaluated via the personnel dosimetry system by including an uncovered, or open-window, reading; deep (penetrating) dose, such as doses from medium-to high-energy photons, that was evaluated by including shielded-window readings; neutron dose that was measured by a separate neutron dosimetry system; and tritium dose measured via bioassay methods.
Workers who terminated employment at SRS prior to 1979 are not included in the HPAREH system. However, an electronic file of annual radiation dose estimates for the period 1951-1979 was constructed for the purposes of epidemiological research conducted by the DuPont Corporation (Appendix, available with the electronic version of this article); we refer to this as the Fayerweather file. Recorded values in the Fayerweather file include estimates of shallow and deep doses; these estimates include contributions from tritium intakes and neutron exposures. Dosimetry information for an additional 1058 workers was identified and computerized during the course of an epidemiological cohort study of SRS workers conducted by Oak Ridge Associated Universities; we refer to this as the SRPABST file. The previous epidemiological analyses of radiation-mortality associations among SRS workers reported by Cragle et al. (1998) utilized information from the HPAREH, Fayerweather, and SRPABST files. For the sake of consistency with contemporary nomenclature, dose estimates that were originally expressed in units of rem are discussed and reported in this article in units of sievert (Sv), where 1 Sv ¼ 100 rem.
Our preliminary examination of these data revealed that all workers hired after 1964 who terminated prior to 1979 were lacking computerized dosimetry information. We abstracted and manually entered dosimetry information from historical dosimetry logbooks into a computer file for 854 workers who were employed in the period [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] ; this resulted in an additional 1.2 person-Sv of recorded dose for the workers in our study cohort. In addition, we identified 15,752 annual dosimetry records in the historical dosimetry logbooks that were not included in the HPAREH, Fayerweather, or SRP_ABST computerized files. We manually-entered dosimetry information from historical logbooks into a computer file for 5686 of these employment-years (an additional 1.7 person-Sv of recorded dose for the workers in our study cohort). The recorded annual deep and shallow dose estimates were 0.0 mSv for nearly all of the remaining 10,066 employment-years. These were dosimetry records for workers who terminated after January 1, 1979 and appear in the historical SRS logbooks but not in the HPAREH file. We assigned an estimated annual deep and shallow dose of 0.0 mSv to these years and classified them as employmentyears for which monitoring information is available. Figure 1 summarizes the number of computerized annual dosimetry records available from each source, by calendar period.
Dosimetry Methods
A review of historical documents related to personnel dosimetry at SRS was conducted. We reviewed documents obtained from the published literature, as well as technical reports available from the Site. Of particular value were the Site's history of the personnel radiation dosimetry program and the technical basis document for the Savannah River Site produced for the Energy Employees Occupational Illness Compensation Program Act (Taylor et al., 1995; Scalsky, 2004) .
Evaluation of Recording Thresholds
When recording dosimeter measurements, a decision is often made to define a recording threshold (i.e., the dose level above which a positive entry would be made in the dose record). Measurement results at or below this recording threshold may be indicated by a specified value such as a zero, or equivalent ''null'' value. Different practices may be used over time at a facility to record dosimetry results with values at or below recording threshold (Inskip et al., 1987) .
Using data from the HPAREH system, we empirically evaluated dosimetric recording practices used at SRS during the period , and investigated the value(s) used to indicate dosimeter results below the recording threshold. This was carried out by examining the distributions of annual recorded dose, tabulated as the proportion of dosimetry records for each calendar year with dose values in specified, non-overlapping, ranges. We focused on the recording of dose values p0.30 mSv, the value previously reported as the recording threshold for film badge dosimeters (Taylor et al., 1995) . Annual dose values were analyzed, rather than detailed weekly, biweekly, and/or monthly dosimetry results, because the former were available in computerized form whereas the latter were not. As these analyses examine annual external dosimetry data (which are the sum of more frequent periodic dosimetry measurements) the findings 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 UNC/NIOSH review of historical logbooks provide indirect evidence about recording practices. However, as illustrated in prior studies (Wing et al., 1994; Richardson et al., 2000) , useful inferences can be drawn about recording practices from analyses of annual dosimetry data.
Completeness of Monitoring
A worker may have employment-years without computerized annual dosimetry information due to an administrative decision not to include the worker in the Site's radiation dosimetry program. Not all workers were included in the Site's radiation dosimetry program in all years; however, since the start of operations, Site policy has been to monitor external radiation exposure for workers who entered a controlled area. Other reasons why a worker may have employment-years without computerized annual external dosimetry information are data entry errors, errors in computerized record linkages, or lost records. Evidence of the latter problems comes from previous investigators who have located hardcopy annual dosimetry records for SRS workers that were not originally included in computerized dosimetry files (i.e., the SRPABST file). In order to identify workers who were employed but had no dosimetry information for a given calendar year, we compared employment history and computerized dosimetry information.
Nearby Estimation Procedure
In previous studies of workers employed at US Department of Energy sites, estimated dose values were derived for person-years of employment that were missing annual dosimetry information via a ''nearby'' method (Watson et al., 1994; Richardson et al., 1999) . Under this method, a series of hierarchical steps are followed in order to calculate an estimated value for each missing annual dosimetry record (i.e., if there were no adequate data to calculate an estimated value using the first step in the procedure, an estimated value was calculated using a subsequent step). The first steps of the nearby algorithm use the worker's own annual dosimetry data from adjacent time periods as a basis for calculating an estimated dose. If there were adequate data, the average of the annual doses recorded within 2 years of the missing value was used to calculate an estimated value for the missing annual dosimetry record. Each annual dose was weighted by the number of days employed in that calendar year. In order to ensure stable estimates, the person-time weighted mean annual dose in neighboring years had to be based on at least 180 days of employment. If there were not adequate data in the nearby years, the average annual dose for all similar workers (defined by occupation, health physics area, gender, and calendar year of employment) was used to calculate an estimated value for the missing annual dosimetry record. The nearby approach was used to derive annual whole body dose estimates (the shielded dose, as defined by SRS, which includes tritium and neutron exposures). We evaluated the relative reliability of each step in the nearby estimation procedure by comparing observed annual doses with estimated values (results available at http://www.unc.edu/ davidr/srs).
Results

Dosimetry Technology
Initially, the personnel dosimetry program at SRS used dosimeters, processing technology, and support provided by the Oak Ridge National Laboratory (ORNL). ORNL provided SRS with a small number of beta/photon film badge dosimeters, as well as neutron nuclear track, type A (NTA) emulsion dosimeters during the period 1951-1952. Around 1953, SRS implemented their own in-house dosimetry capabilities (Taylor et al., 1995) . The original two-element film dosimeter used at SRS had a 1 mm sterling silver filter (i.e., shield) and a ½ inch diameter open window. DuPont X-ray film (Types 552, 558, and 555) was used as the radiation sensor. In November, 1959 a multielement film dosimeter was placed in general use at the Site. The multielement dosimeter held a single pack of standard dosimeter film in a plastic (Nylon) body with the top portion of the film badge covered by indium foil (0.005 inch), lead foil (0.010 inch) and a Mylar protective layer (Wright, 1959) . The lower portion of the film badge had a 1 mm silver filter, a 2 mm aluminum filter, and an open window (Taylor et al., 1995) The indium foil was for ''screening'' use in case of a nuclear incident. Routine badge interpretation at the time of introduction of the new dosimeter was not changed from previous methods; only readings from the open window and silver-shielded window were routinely used (Wright, 1959) . Film badge dosimeters were exchanged on a weekly schedule until October, 1957, on a biweekly schedule from October 1957 to 1964, on a 4-week cycle in 1965, and on a monthly schedule beginning in 1966 (Scalsky, 2004) . It has been reported previously that a 0.30 mSv recording threshold was used at SRS for all film badge dosimetry during the period 1951 -1970 (Taylor et al., 1995 .
The SRS multielement film dosimeter was used until April, 1970 when a thermoluminescent dosimeter (TLD) with two lithium fluoride chips (an open window and aluminum shield) began to be used in place of film badge dosimeters. The SRS TLD had an estimated MDL of 0.15 mSv (Scalsky, 2004) . In July, 1983 the SRS TLD was replaced by Panasonic TLD in large part because of breakdowns in the one-of-a-kind SRS TLD badge reader (Taylor et al., 1995) . Workers who were judged to have neutron exposure potential wore NTA film dosimeters (1951 ( -1970 ( ), or neutron TLDs (1970 . It has been reported that a 0.05 mSv recording threshold has been used during the period of thermoluminescent dosimetry (1970-) (Taylor et al., 1995) . TLDs were exchanged on a quarterly cycle for personnel judged to have low-exposure potential and on a monthly cycle for other employees (Table 1) . 
Recording Practices
Completeness of Monitoring
Between 1951 and 1989 the 18,883 workers accumulated 242,043 employment-years. Computerized annual external radiation dose estimates were available for 206,416 (85%) of these employment-years from the HPAREH, Fayerweather, and SRP_ABST files. An additional 15,752 employmentyears of dosimetry data were assigned dose estimates based upon our abstraction of hardcopy SRS dosimetry records (Table 4) . Figure 2 shows the percentage of the workforce, by sex, with computerized monitoring information in each calendar year . By 1955 approximately 90% of the male workers employed each year have computerized annual external radiation doses estimates available, and, by 1972 there was essentially complete radiation monitoring information for all male SRS workers in the study cohort. In contrast, among female SRS workers o60% of those employed each year between 1954 and 1965 have computerized dose records. The percentage of female workers with computerized annual dosimetry records increased from 60 to 70% over the period [1966] [1967] [1968] [1969] [1970] [1971] ; from 1972 onwards computerized annual dosimetry records were nearly complete for female SRS workers.
Estimating Values for Employment Years Lacking Computerized Dosimetry Information
While monitoring information during the period 1951-1953 was highly incomplete, radiological exposures were minimal Figure 3 shows the number of annual dose values estimated via the nearby approach by calendar year. Estimated dose values (52%) were for employment-years in the period [1954] [1955] [1956] [1957] [1958] [1959] , and 89% of all estimated dose values were for employment-years prior to 1970. Of the 13,812 employment-years without monitoring data during the period 1954-1989, 6772 (49%) of these employment-years occurred among clerical and kindred workers (Table 5) ; the majority of these employment-years were accrued among female workers (constituting the 85% of all employmentyears among female workers with missing dosimetry information). In contrast, people employed as reactor operators, production operators, and raw materials operators had computerized dosimetry information for nearly all employment-years in these jobs (Table 5) . Figure 4 shows the total estimated dose by calendar year. With the exception of 1954, the estimated dose constitutes a small percentage of the total dose for the calendar year. Estimated annual dose values (16%) were equal to 0 mSv (Table 6) , and 75% of the estimated doses were o0.5 mSv. The highest estimated annual dose was 37.8 mSv. The average estimated annual dose was 0.6 mSv; and, the assigned collective dose was 8.7 person-Sv. This may be contrasted to the average recorded annual dose value of Values abstracted from historical dosimetry logbooks; and, based upon a review of a sample of employment-years for workers who terminated after January 1, 1979 whose dosimetry records appear in the historical SRS dosimetry logbooks but not in the HPAREH file, an estimated dose of zero was assigned to 10,066 employment-years. c We did not estimate dose values for employment-years that were unmonitored during the period 1951-1953 since relatively few workers had potential for occupational exposure to ionizing radiation prior to December 1953. 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 Females 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 Number of Annual Dose Values Estimated Calendar Year Figure 3 . Number of employment-years for which estimated dose values were derived by calendar year.
2.3 mSv during this period, and the recorded collective dose of 512.1 person-Sv. The nearby method uses the worker's recorded dose information from adjacent years, if available, to derive an estimated dose value. Of the estimated values, 5224 (38%) were derived using recorded values for the same worker in the neighboring calendar years. The remainder of estimated dose values were derived using average values (typically the mean dose for other workers of the same sex, in the same occupation group and health physics area, in that calendar year).
Given the large percentage of estimated dose values for clerical and kindred workers, we examined these estimated dose values in detail. Sixteen percent of the estimated dose values for clerical and kindred workers (1066 employmentyears) were equal to 0 mSv, 89% of estimated dose values for clerical and kindred workers were o0.5 mSv, and 98% of the estimated dose values for these workers were o1.0 mSv. Twenty-six percent of the estimated dose values for clerical and kindred workers were derived using neighboring dose values; the remainder were derived using average values (typically the mean dose for other workers of the same sex, in the same occupation group and health physics area, in that calendar year).
Discussion
In this paper, we have focused on exposure measurement errors that may arise due to historical radiation dosimetry The period 1951-1953 was excluded from this description since radiological exposures were minimal during this period and we therefore did not estimate dose values for workers who were unmonitored during the period.
recording practices and due to incomplete information in the available computerized radiation dosimetry files. There is a substantial literature on errors in external radiation dose estimation due to readings below a detection or recording threshold (Gilbert and Fix, 1995; Mitchell et al., 1997; Richardson and Ciampi, 2003; Xue and Shore, 2003; Shin et al., 2005) . The validity of statistical investigations of the impacts of recording practices depends, in part, upon the validity of assumptions about historical recording practices; consequently, empirical evaluations of recording practices contribute to this literature. Previous reports have stated that during the period of film badge dosimetry at SRS (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) there was a recording threshold of 0.30 mSv (Taylor et al., 1995) . Table 1 summarizes our conclusions about the recording practices employed at SRS during this period. A recording threshold of 0.10-0.15 mSv was employed during this period, and a ''blank'' value was routinely used to indicate below-threshold dosimetry results. It appears that measurements derived from film badge dosimeters were recorded in 0.05 mSv increments (i.e., there was rounding when reading/recording values based on the optical density of the film).
For epidemiologic purposes, this recording practice is preferable to the practices suggested by previous investigators (i.e., recording a null value for all dosimetry measurements below a threshold of 0.30 mSv), and it suggests that the problem of ''missed dose'' due to below threshold measurements was minimized by the use of relatively low recording thresholds at SRS. Nonetheless, when dosimeters were exchanged frequently a worker's exposure history may still be characterized by a large number of below threshold dosimetry measurements.
It is notable that recording practices at SRS appear relatively consistent over time, with annual dose values as low as 0.10 mSv (Wing et al., 1994) . Compared to these other nuclear facilities with external radiation monitoring programs during the same historical periods, SRS recording practices were more complete, consistent and reliable, at least for employees of the prime contractors. During later time periods, the introduction of TLD dosimeters at SRS resulted in the recording of even lower dose estimates, with values as low as 0.05 mSv routinely recorded as of 1973.
The use of a missing value in the dosimetry records, rather than a designated indication of a below threshold measurement, creates difficulties for evaluating the completeness of radiation monitoring at the site. For historical abstraction of these records, DuPont memoranda indicate that ''blanks for a person indicates a zero dose '' (McMahan, 1984) . Similarly, in computerized records blanks were treated as a zero dose when summing quarterly or yearly dose values to obtain plant totals.
While much of the literature on the topic of exposure measurement error in epidemiological studies of workers in the nuclear industry has focused on issues of calibration, angular response, energy response, and laboratory errors, less attention has been given to the more generic issue of incomplete information on historical exposures ( Thierry-Chef et al., 2002; Daniels and Schubauer-Berigan, 2005; Shin et al., 2005) . As shown in this paper, even for a well-monitored cohort at a facility where operations effectively started a decade after the commencement of the Manhattan Project, a sizable fraction of the work force in the early years of operation did not have computerized dosimetry information available. At SRS, the errors related to incomplete dosimetry information may be as important to an evaluation of measurement error as the issues of dosimeter response and calibration. By comparing employment history and dosimetry records we identified and assigned dose estimates to 15,752 employment-years that had been monitored but were not included in previous computerized files, contributing 2.9 person-Sv of dose that had been omitted from the computerized files. In a previous study of workers employed at Oak Ridge National Laboratory, an evaluation of historical trends in the completeness of computerized monitoring information also led to the identification of historical dosimetry records that had not been previously incorporated in computerized dosimetry files (Wing et al., 1994) . These examples underscore the importance of a critical evaluation of the completeness of computerized dosimetry records.
We used a ''nearby'' method to estimate the magnitude of ''missed dose'' due to periods of employment without external dosimetry information for the period 1954-1989. We did not estimate dose values for workers who lack dosimetry information for employment-years during the period [1951] [1952] [1953] . Given the relatively localized potential for radiation exposures in these years, we assumed that the available monitoring information encompassed those most likely exposed during that period. A large proportion of the employment-years for which we estimated dose values were for females employed in clerical and kindred non-manual jobs. It is likely, therefore, that a large proportion of the workers with missing dosimetry information had little or no occupational exposure to radiation. This is reasonably well reflected by the estimated dose values for clerical and kindred workers derived via the ''nearby'' method: 16% of the estimated annual dose values for individuals employed as clerical and kindred workers are 0 mSv, half are o0.14 mSv (i.e., a dose range near the recording threshold for dosimeters prior to 1972), and three-quarters of all estimated annual doses for clerical and kindred workers are o0.3 mSv. One aspect of the ''nearby'' method is important to recognize in order to understand why small positive dose values have been assigned to a large number of workers who were likely to have had little or no true exposure. If a worker's true dose was zero then the nearby approach will tend to assign a value that is a slight overestimate of the ''true'' zero value. Based upon our validation of the nearby method applied to SRS data (see http://www.unc.edu/~davidr/srs) when the true value for an annual dose was zero, the mean and median estimated values derived via the nearby approach were 0.26 and 0.02 mSv, respectively. The reason for this is that an estimated dose value may be greater than zero but it cannot be less than zero. In contrast, if the true dose is greater than zero then the nearby method tends to produce a positive estimate that will slightly underestimate the true dose. So, the nearby estimation procedure tends to lead to a small overestimate of the value for an unmonitored dose year in which the true dose was zero and a small underestimate of the value for an unmonitored year in which the true dose was greater than zero. These findings are similar to patterns reported in a previous application of the nearby procedure to data for workers from the Hanford Site (Richardson et al., 1999) . If we had information that indicated that a clerical worker was employed in an area in which the dose rate was zero then we could assign a zero dose to that year. In effect, however, the nearby method does this: if the worker was employed in a job/area where the average monitored value was zero or near zero then the worker gets assigned a zero (or near zero) value for that year. Rather than the relatively extreme assumption that the true dose value for all unmonitored years was zero, the nearby approach offers an approach to imputing a distribution of estimated dose values for unmonitored years using the workers' own data from adjacent years as well as information on occupation and area of employment. Our analyses suggest that while the recorded collective dose for the period 1951-1989 was 512.1 person-Sv a reasonable ''adjusted'' estimate of the collective dose for this period is 520.8 person-Sv.
Similar to findings from evaluations of the dosimetry programs at ORNL and Hanford, coverage of the SRS workforce was more complete for male workers than for female workers. The percentage of missing annual external dosimetry records among male SRS workers (4%) is comparable to the 6% missing annual external dosimetry records among male Hanford workers (Richardson et al., 1999) and the 5% missing annual dose records reported among white males employed at ORNL (Wing et al., 1991) . Also similar to previous findings from evaluations of the dosimetry programs at ORNL and Hanford, we found that coverage was more complete in later historical periods than in earlier years of operation. The majority of the estimated dose values were for employment-years in the period [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] (Figure 3 ). During the 1950s and 1960s the radiation protection program at SRS was in a state of evolution with the health physics staff progressively growing in size and experience (Taylor et al., 1995) . Despite the relatively large percentage of estimated dose values for these years of operation, however, it appears that even in these years computerized dosimetry records are essentially complete for workers in jobs with the greatest exposure potential. For example, we found that computerized dosimetry information was essentially complete for people employed as reactor operators, raw materials operators, radiation monitors, and separations/process operators (jobs in which workers tended to receive higher annual radiation doses). The notable increase in completeness of computerized annual dosimetry records for female SRS workers in the early 1970s corresponds in time roughly with the introduction of routine monitoring of employees by TLD badges and enrolling lowexposure personnel into a quarterly badge cycle.
Although the available dose files had already been carefully examined during the course of several previous epidemiologic studies, our additional examination led to the discovery of 2.9 person-Sv missing from the electronic files. This missed dose pertained to the primary workforce from a facility where superior monitoring practices were demonstrated, which suggests that a greater proportion of missing doses may exist at other facilities where monitoring programs were not as complete and for subcontractors whose employees were not monitored as carefully.
Epidemiological studies of cancer risk among workers in the nuclear industry provide a method for directly assessing the effects of low level protracted radiation exposures. SRS is among the largest of the USDOE facilities with a history of operation that spans more than five decades. While the average external radiation dose accrued by SRS workers was relatively low, studies of SRS workers are important to this literature given the historical importance of the facility, its size, and the length of operation. In addition to analyses of this single cohort, data from epidemiological studies of SRS workers have the potential to make a substantial contribution to multifacility (i.e., pooled) analyses which aim to increase the precision of risk estimates derived from nuclear worker studies by the aggregation of data.
Conclusion
Overall, the recording practices for external radiation monitoring at SRS provide a basis for deriving reliable estimates of radiation dose. The recording thresholds employed at SRS were relatively low when contrasted with the thresholds used at other USDOE sites at comparable periods and there is evidence of a high-level of consistency over time in SRS dosimetry recording practices (Wing et al., 1994; Richardson et al., 2000) . Identifying employment-years with missing annual external dosimetry information is an important step in the assessment of potential exposure misclassification bias. We identified 15,752 employment-years in which workers had been monitored and yet records were not available in the computerized files used in previous epidemiological analyses. In addition, via a nearby estimation approach we have estimated values for an additional 13,812 annual external dosimetry records. The use of this estimation procedure for missing dosimetry information may help to reduce exposure misclassification in future epidemiological analyses. The impact of these estimated values on the results of analyses of quantitative radiation dose-mortality associations for the SRS cohort will be assessed.
